Abstract. Perumal M, Wasli ME, Ho SY. 2019. Influences of inorganic and organic fertilizers to morphological quality attributes of Shorea macrophylla seedlings in a tropical nursery. Biodiversitas 20: 2110Biodiversitas 20: -2118. Better understanding and implementation of nursery cultural regimes to improve seedling quality with high survival capability and optimal growth potential are one of the pivotal aspects of a successful forest restoration program. An experiment was set to determine the influences of inorganic and organic fertilizers on the morphological quality attributes of Shorea macrophylla (de Vriese) P.S. Ashton seedlings. For seedling production, the pots were filled with a 1:1 mixture of topsoil and sand (v:v), following the standard forest nursery practice. Either a chemical fertilizer (CF, N: P: K = 10: 26: 10) or a blend of 360-day (80% elution of the ingredients at 25°C) controlled-instant release fertilizer (CIRF, N: P: K = 10: 26: 10) or a jellyfish fertilizer (JF, N: P: K = 13.1: 1.7: 0.03) was applied at the rate of 5 g per pot. The findings revealed that the morphological quality attributes of S. macrophylla seedlings treated with JF were significantly higher (P < 0.05) than the seedlings treated with CF and CIRF at the end of nursery growing season. Notwithstanding, in terms of seedling quality indicators, seedlings from all the treatments were fit to the general expectations of a balanced root to shoot ratio values (RS < 2) and the seedlings raised in th e nursery were of sub-optimal quality. Consequently, stock quality evaluation requires the integration of both morphological and physiological attributes of seedlings that provides a more effective appraisal of the fitness of seedlings to become established for field planting.
INTRODUCTION
In the humid tropics of Borneo, Shorea macrophylla (de Vriese) P.S. Ashton is mainly chosen on the basis of its socio-economic and ecological importance as one of the common indigenous tree species used for tropical forest rehabilitation and reforestation programs in Sarawak, Malaysia (Perumal et al. 2015 (Perumal et al. , 2017a . This endemic riparian species, locally known as "Engkabang jantong" (Light Red Meranti) (in Malaysia) and "Tengkawang Hantelok" (in Indonesia) belongs to the family of Dipterocarpaceae, the most important family of tropical rainforest trees in Southeast Asia (Utomo et al. 2018) . S. macrophylla is commonly known in Sarawak as a medium to a large timber-sized tree and the seeds are highly valued for its oil-bearing fruits or known as the large-fruited species of illipe nuts, a substitute for cocoa butter, and sources of a fatty substance that can be used as medicine (Connell 1968; Tompsett and Kemp 1996; Ng et al. 2002) . Under the natural condition in suitable areas, this climax species can attain a height of 50 m, 50-60 cm in diameter at breast height within 20-23 years (Newman et al. 1996) and 2.0 m in buttress height in the mixed dipterocarp forests of Sarawak and Brunei (Ashton 1964 (Ashton , 1982 . This lowland tree species is one of the fastest-growing species in the genus (Shorea), and is found frequently in wet habitats, such as along the rivers and in areas which are periodically inundated (Ashton 1998; Perumal et al. 2017a, b; Mohamad Jaffar et al. 2018a, b, c) . S. macrophylla flowers sporadically in mass flowering years (Appanah and Weinland 1993) and produces recalcitrant seeds with at most 1-month viability after collection (Ng 1976 ). Due to their fast growth and their hardiness, S. macrophylla is a prime candidate for reforestation programs in the humid tropics with poor soils.
Experimental reforestation programs using nurseryproduced seedlings can be an effective means of ensuring successful establishment and rapid growth following outplanting (Pinto et al. 2011 ). According to Scagel et al. (1998) , the success of reforestation regularly hinges on considerations and decisions made prior to plantings, such as seedling morphology, seedling stock-type, genetics, site preparation, site limiting factors, planting techniques, and the outplanting window. However, several constraints on dipterocarp seedling production due to irregular flowering and unpredictable fruiting intervals in the tropics had restricted the scale of reforestation programs (Tang and Tamari 1973; Chan and Appanah 1980; Lo 1985; Aminah et al. 1995) . In particular, more than 70% of emergent trees of the family Dipterocarpaceae, which dominates the tropical rain forests of South East Asia are involved in mass flowering events, but seldom reproduce in other years (Sakai et al. 1999; Ichie and Nakagawa 2013) . In Southeast Asia, reforestation using dipterocarps has been initiated by several researchers (Ådjers et al. 1995 Sakurai et al. 1999; Arifin et al. 2008; Wasli et al. 2014; Perumal et al. 2015 Perumal et al. , 2016 Perumal et al. , 2017a ).
Seedling quality is generally defined as "fitness for purpose" (Mattsson 1997) , which indicates that quality seedlings should meet the desired level of survival and growth upon outplanting. Despite advances in seedling quality testing and the prediction of field performance, no single characteristic or test has been proved suitable across a wide range of species and conditions (Dey and Parker 1997; Jaenicke 1999; Davis and Jacobs 2005) . This suggests that superior seedling attributes that associate with survival and growth in the field need to be investigated and determined for any species intended for planting. Various seedling quality assessment methods and their importance in forecasting field performance have been developed and tested over the past two decades (Folk and Grossnickle 1997; Mattsson 1997; Mohammed 1997; Grossnickle and MacDonald 2018) . Seedling morphological attributes are the most common attributes used in seedling quality assessment since they are cheap and easy to be measured (Mexal and Landis 1990) , however, this is rarely done in Malaysia. Unlike physiological attributes, they do not require sophisticated equipment and advanced training to evaluate them (Nyoka et al. 2018) . Seedling morphological attributes, such as shoot height, root collar diameter, sturdiness, root biomass, shoot biomass (Haase 2008) , and root to shoot ratio are widely used to assess seedling quality in nursery and at the time of planting.
Proper application of fertilizer types is important for nursery productivity and seedling values. Fertilization is one of the essential cultural practices for seedling quality in reforestation as it can accelerate the growth of the shoots and roots of seedlings (Chun et al. 2012) . Though, poor response of the dipterocarp seedlings to easily soluble or liquid fertilizer has been suggested (Turner et al. 1993; Lee and Alexander 1994) . Fertilization affects root and shoot growth of plants, improves post-transplant rooting and growth capacity, and increases resistance to water stress, low temperature, and disease (van den Driessche 1991 Driessche , 1992 Malik and Timmer 1998; Shaw et al. 1998; Grossnickle 2000; Fløistad and Kohmann 2004) . These characteristics are of crucial importance for successful early establishment under unfavorable conditions (Puttonen 1997) , and can be influenced substantially by alternative fertilization regimes.
Many studies have documented the influences of fertilization or mineral nutrition on seedling quality for reforestation, though most of these focus on conifers from wet, temperate forests, with emphasis on nitrogen additions (Green and Mitchell 1992; Green et al. 1994; Timmer and Aidelbaum 1996; Folk and Grossnickle 1997; Tan and Hogan 1997; Irwin et al. 1998; Quoreshi and Timmer 2000; Jose et al. 2003) . Relatively very little is known and no clear consensus exists, whether seedling production based on different types of fertilization regimes influence initial seedling morphological quality attributes on the capacity of dipterocarp species from Malaysia to resist transplanting stress once outplanted. Although considerable studies on seedling quality have been carried out in temperate regions (Europe and North America) and in other tropical and subtropical regions in Australia and Asia, many of these studies have focused on seedlings for commercial plantations with very little work on seedlings destined for restoration and agroforestation (Nyoka et al. 2018) . Nonetheless, previous studies also reported that simple fertigation did not improve the growth of pot grown dipterocarp seedlings in the nursery (Turner et al. 1993; Lee and Alexander 1994) . Thus, the effective methods of fertilizer application under nursery and field conditions have not been thoroughly developed and quantified.
The objective of the present study was to determine the influences of inorganic and organic fertilizers on the seedling morphological quality attributes of S. macrophylla in a tropical nursery as to develop a practical technique for producing healthy and quality seedlings in ensuring better field performance. The assessment focused on the influences of different types of fertilizers on the morphological attributes, which collectively provide adequate information on the quality of seedlings as well as their likelihood of survival and growth upon outplanting. Notwithstanding, the results of the present study could provide some useful applied information as well as guidelines to the nursery community and forest managers towards improving the current nursery management practices and physical seedling quality assessment which may enhance seedling survival and productivity for future successful reforestation programs in Sarawak, Malaysia. We, specifically, addressed the following question in this study: To what extent do fertilizer regimes affect seedling performance of S. macrophylla at the end of nursery culture prior to outplanting?
MATERIALS AND METHODS

Study site
This study was conducted in the Universiti Malaysia Sarawak forest research nursery (N01°27'820", E110°27'079") located in Kota Samarahan, Sarawak, Malaysia from February-November 2015. During 2015, the study site received 2,898.0 mm of rain (Drainage and Irrigation Department 2017). Monthly average air temperature and relative humidity were 27.0°C and 83.4%, respectively (Meteorological Department 2017).
Seed collection and seedling production
Seeds of S. macrophylla were collected from Sampadi Forest Reserve, Lundu, Sarawak (N01°34'13", E109°53'12") during a masting event, which began in late January-February 2015. On February 7, 2015, visibly healthy (i.e., free of fungus, decay, and herbivore damage) and uniform sized seeds were selected, dewinged, and sown directly into black, perforated, polyethylene bags (15.2 cm in diameter, 22.9 cm in deep) with several drainage holes at the bottom. Bags were placed bare ground under a white transparent net. To maintain optimum soil moisture, seedlings were watered once a day in the beginning and then as required. Hand weeding was done regularly. 
Preparation of growing medium and fertilization treatments
The controlled-instant release fertilizer (CIRF) treatment used in this study was a blend of 80% polyurethane coated controlled-release fertilizer (CRF) with 20% uncoated instant release fertilizer. The CRF was designed by the manufacturer which consists of prills that expected to display an 80% elution of its nutrients within 360 days assuming a soil temperature of 25°C at position of fertilizer placement. The uncoated fertilizer disperses its nutrients instantly under normal watering condition (once daily). For seedling production in the nursery, the pots were filled with about 2.0 kg of 1:1 mixture of topsoil and sand (v:v), following the standard forest nursery practice for dipterocarp species adapted in Sarawak. The initial and final (270 Days After Sowing) chemical characteristics of the growing medium are presented in Table 1 . The three fertilizer formulations, either a chemical fertilizer (CF, N: P: K = 10: 26: 10) (control) or a controlled-instant release fertilizer (CIRF, N: P: K = 10: 26: 10), SK Cote TM Plus or a jellyfish fertilizer (JF, N: P: K = 13.1: 1.7: 0.03), Marutomo Corporation, Japan was applied at the rate of 5 g per pot. The CF, CIRF, and JF fertilizer was applied as a top dressing of the polyethylene bags. These application rates corresponded to 0.855 kg ha -1 at a density of 171 seedlings ha -1 for CF, CIRF, and JF treatments.
Methods for subsequent seedling survival rate and growth assessment A sample of 57 seedlings from each fertilizer treatment was selected for seedling survival rate and subsequent growth assessment. Seedling survival rate, shoot height, root collar diameter, and number of leaves were recorded and monitored every 30 days commencing 45 Days After Sowing (DAS) until the end of the nursery growing season (270 DAS). Relative growth rate (RGR) for shoot height and root collar diameter was calculated using the following equation (Kramer and Kozlowski 1979) :
Where, X 1 and X 2 denote variables measured at the time of the first and second assessments, respectively and Δt is the time interval between the two measurements. Seedling total leaf surface area estimation was adapted following the method of Blanco and Folegatti (2003) . At 90 DAS, a total of five leaves were collected from each of 12 seedlings per fertilizer treatment and measurements of the leaf length and leaf width were taken. The actual surface area of each leaf was measured using a portable LI-COR leaf surface area meter conveyor. A mathematical model was obtained by correlating the parameters of leaf length (L), width (W), length x width (LW), length + width (L+W), length x length (L 2 ) or width x width (W 2 ) to the actual leaf area (LA) of the total 60 leaves sample using regression analysis. The regression equation with the highest R Therefore, in order to estimate the total leaf surface area of seedlings, a subsample of five seedlings per treatment per block (15 seedlings from the total of 57 seedlings of growth assessment in each treatment) was randomly selected for detailed measurements of leaf length and leaf width at an interval of every 30 days until the end of the nursery growing season (270 DAS). The leaf length and leaf width measurements were then inserted into the mathematical formula of each treatment as to estimate the leaf surface area of S. macrophylla seedlings.
Methods for seedling biomass production
Following the final measurements at the end of the nursery growing season (270 DAS), a subsample of four seedlings per treatment per block (12 seedlings from the total of 57 seedlings in each treatment) was randomly selected and harvested using destructive sampling techniques for seedling biomass production. Each seedling was tagged and then washed with tap water carefully to remove any remaining growing medium and other debris. Each plant part including the leaves, stems, and roots was partitioned and the measurement of biomass was performed. All the plant parts were oven-dried to a constant weight at 60°C for five days (120 hours) and their biomass were recorded. Total biomass was obtained by adding dry weights of leaves, stems, and roots.
Experimental design and statistical analysis
The three fertilizer treatments (CF, CIRF, and JF) were randomly assigned to each seedling and arranged in a randomized complete block design with three replicate blocks. Each fertilizer treatment had 19 seedlings per block, and thus a total of 57 seedlings per fertilizer treatment were used for subsequent seedling survival and growth assessment in the experiment. Treatments and replications were rearranged monthly and placed on bare ground of the nursery to ensure that the seedlings were subjected to a similar growing environment. In order to compare and determine whether survival rate and morphological quality attributes of seedlings under nursery conditions were significantly affected among different types of fertilizer treatments, a one-way Analysis of Variance (ANOVA) for a randomized complete block design was performed at the end of the nursery growing season (270 DAS). Tukey's Honest Significant Difference (HSD) test was chosen as post-hoc test to compare mean values of the treatments at 5% significance level (P < 0.05). All the statistical analyses were performed using Statistical Software Package for the Social Sciences (IBM, Version 24.0 for Windows) (SPSS Inc., 2016) and the results are reported as mean ± standard deviation.
RESULTS AND DISCUSSION
Effects of inorganic and organic fertilizers on subsequent seedling survival rate and morphological quality attributes at the end of nursery growing season
The cumulative seed germination percentage of S. macrophylla among different types of fertilization were similar (data not shown) and this indicated that uniform seeds were used for the experiment. One-way analysis of variance showed that mean survival rate of S. macrophylla seedlings was significantly influenced (P < 0.05) by fertilizer regimes at the end of nursery culture (270 DAS) as shown in Figure 1 .A. Fertilization apparently had a minor effect on mean seedling survival because survival was > 75% throughout the experiment in all treatments. At 270 DAS, JF treatment depicted the highest mean survival rate followed by CIRF and CF treatments with 96.5%, 80.7%, and 77.2%, respectively.
Figures 1.B and 1.C display the mean shoot height and root collar diameter growth trends among different fertilizer treatments. The effects of fertilizer regimes on morphological quality attributes of S. macrophylla seedlings at the end of nursery growing season were variable among different treatments. The fertilizer treatments had significant effects (P < 0.05) on all the seedling morphological quality attributes except for root to shoot ratio (Table 2) . Morphologically, all the seedling quality attributes were significantly higher for jellyfish fertilizer treatment as compared to controlled-instant release and chemical fertilizer treatments. However, there were no significant differences (P > 0.05) detected between the inorganic fertilizers (CF and CIRF treatments) for root collar diameter, relative growth rate of root collar diameter, number of leaves, total leaf surface area, shoot biomass, root biomass, and total biomass. The selected root and shoot development of S. macrophylla seedlings at the end of nursery growing season (270 DAS) for all the fertilizer treatments are shown in Figure 2 . Based on Table 2 , although there were no significant differences (P > 0.05) obtained among different fertilizer treatments at the end of nursery culture for mean root to shoot ratio, the seedlings of S. macrophylla in all the treatments were fit to the general expectations of a balanced root to shoot ratio. Likewise, the mean sturdiness quotients presented in Table  2 does not meet the ideal expectations among all the fertilizer treatments throughout the experiment, which postulates greater values than 6 ).
Discussion
The survival of S. macrophylla seedlings in the CF treatments was depleted approximately 14% within 90 days after fertilization due to foliar and root necrosis. This mortality is possibly due to the higher salinity induced by CF, due to its fast release of nutrients which could have slightly worsened the root conditions. A similar trend was reported by Irino et al. (2004) where 40% of the Dryobalanops lanceolata seedlings died within 30 days after treated with chemical fertilizer due to foliar and root necrosis. Previous study concluded that dipterocarp seedlings were less responsive to easily soluble or liquid fertilizers since most of the dipterocarp species are characterized by relatively slow growth (Turner et al. 1993, Lee and Alexander 1994) . In the present study, the CIRF and JF treatments promoted higher seedling survival at (75 to 270 DAS) as compared to CF treatment.
In our study, seedling morphological quality attributes were found to be significantly higher when treated with jellyfish fertilizer as compared to those treated with chemical fertilizer and controlled-instant release fertilizer. Findings from this study clearly revealed that the application of jellyfish fertilization had enhanced and yielded better seedling growth performance of S. macrophylla, i.e. they have a beneficial influence on the improvement of growth parameters of seedlings as compared to chemical fertilization.
The findings indicated that seedlings of S. macrophylla raised in the nursery were of sub-optimal quality since their sturdiness quotient values exceeded 6 . A sturdiness quotient of less than 6 has been recommended as a desired characteristic of high-quality seedlings in tropical systems (Jaenicke 1999) . Previous studies by several researchers have also found sturdiness quotient to correlate with seedling survival rate and initial growth following outplanting (Mexal and Landis 1990; Ivetić et al. 2017 ). According to Takoutsing et al. (2014) , seedlings with sturdiness ratio greater than six were basically tall and thin (lanky) and etiolated, whereas a small quotient indicates sturdy plants with a higher chance of survival, particularly on windy or dry sites.
Nonetheless, seedlings from CF, CIRF, and JF treatments were found to have a root to shoot ratio values within the acceptable range (RS < 2) and generally these seedlings are likely to withstand the adverse conditions in most planting sites due to the adequate root system that will not impede the growth of the plant. Root to shoot ratio of ≤ 2 have been suggested by Jaenicke (1999) , Haase (2007) , and Nyoka et al. (2018) as the desired threshold characteristic of the high and good quality of container seedlings. According to Hasse (2007) , the ratio measures the balance between the transpirational area (shoot) and the water absorbing area (root) of the seedlings. This ratio is premised on the fact that well-developed roots are important to the seedlings to absorb sufficient amount of water and nutrients, while shoots provide for a pathway through which water and nutrients absorbed by roots are pumped to the leaves for photosynthesis purposes and cooling the plant through transpiration (Nyoka et al. 2018) . In addition, the findings also substantiate those of Gregorio et al. (2005) who found that seedlings with a low root to shoot ratio have a greater survival rate than the seedlings with higher root to shoot ratios. Several factors which influenced the root to shoot ratio are cultural practices (Johnson and Cline 1991; Ericsson 1995) , genetics, seedlings age, container size, and the species.
Since the present study was the first to examine the influences of CF, CIRF, and JF fertilizers on the morphological quality attributes of S. macrophylla seedlings as to develop a practical technique for producing healthy and quality seedlings in ensuring better field performance, our results clearly showed that all types of fertilizers are beneficial in raising the seedlings. Based on the root development of seedlings as shown in Figure 2 , S. macrophylla seedlings in CF and CIRF treatments could be raised over a much longer period (even after more than 9 months as stock in the nursery) until the initiation of transplantation in rehabilitation programs. However, for seedlings in JF treatment, it should be outplanted at 270 DAS (9 months) at the field as to avoid root deformations in the polyethylene bags. According to Takoutsing et al. (2014) , root deformations sometimes are attributed to the duration of the seedlings and the type of substrate used in the nurseries. Previous study by Irino et al. (2004) suggested that dipterocarp seedlings could be raised to 16 months, as observed in their experiment. The use of controlled-release fertilizer (CRF) had enabled to maintain the raised Dryobalanops lanceolata seedlings under good conditions even after more than 1 year as stock in the nursery (Irino et al. 2004) .
Several researchers emphasized that the production of seedlings with a large, vigorous root system and a root to shoot ratio to match the needs of the outplanting site is a significant factor in the successful seedling establishment (McDonald 1991; Barnett and McGilvray 1993; South et al. 2005) . Edwards (1998) added that seedlings with large root systems are better able to withstand outplanting stock and usually grow well in the year following outplanting as compared to seedlings with high root to shoot ratios. Likewise, a study by Nyoka et al. (2018) in Malawi reported that seedlings with small root systems in relation to shoot were not able to adequately supply sufficient water to shoots during the long dry season.
In this study, S. macrophylla seedlings treated with jellyfish fertilizer seemed to show slightly better and favorable growth performance at the end of nursery growing season (270 DAS). This was presumably due to the absorption of water and nutrients from the soils in the growing medium to the fertilizer and return carbon and nutrient contents to a balance and more favorable state which is readily available for the uptake of seedlings (Caravaca et al. 2002) . In addition, jellyfish can be used as a source of organic fertilizer for enhancing tree growth as well as for improving soil properties in terms of physical and chemical properties. Theoretically, jellyfish fertilizer comprises of high organic matter (approximately 81%), which plays an essential role in improving the physical structure of the soil; and consequently, increases the soil moisture. It creates a vapor barrier between the soil and the atmosphere, resulting in a decrement in soil temperature and evaporative water loss when jellyfish fertilizer is distributed over the soil surface (Power 2002) . Likewise, Nyoka et al. (2018) pointed out that amendments using organic matter can help in maintaining or improving soil properties including soil bulk density, soil structure, water and nutrient holding capacity, and the environment for the growth of beneficial rhizosphere microorganisms. Nevertheless, the improvement in soil aggregation by organic matter addition positively affects the seeds germination as well as the growth and development of shoots and roots (Noordwijk et al. 1993) .
Numerous studies have demonstrated and discussed that nursery cultural practices including types of fertilizations strongly have a substantial influence on seedling quality and performance after outplanting (Liu et al. 2000; Gao et al. 2007; Wang et al. 2007; Li et al. 2011 Li et al. , 2012 Takoutsing et al. 2012) . However, most of these studies did not combine nursery cultivation treatments with planting site conditions. Field trials are essential for validating the suitability of nursery techniques and the identification of the seedling functional attributes which forecast outplanting performance (Andivia et al. 2019) . Takoutsing et al. (2014) suggested that the only way to fully comprehend the behaviors of seedling promoted by nursery techniques and its productivity is to consider the outplanting site condition since nursery cultural practices vary by species, nursery, and outplanting environments.
In conclusion, the present study found out that different types of nursery fertilizations revealed significant differences in morphological quality attributes of S. macrophylla seedlings at the end of nursery growing season (270 DAS). All types of fertilizers are beneficial in raising the seedlings in the nursery. In particular, seedlings treated with jellyfish fertilizer was significantly higher than chemical fertilizer and controlled-instant release fertilizer for all the morphological quality attributes, except for root to shoot ratio. Notwithstanding, findings from the present study also revealed that S. macrophylla seedlings from all the treatments were fit to the general expectations of a balanced root to shoot ratio values (RS < 2) and the seedlings raised in the nursery were of sub-optimal quality. While defining the appropriate seedling stock-type to meet the needs that can be achieved through the variety of methods, including the Target Plant Concept, an understanding of the interplay of nursery production techniques and factors influencing outplanting sites is necessary to ensure forest restoration is most effective. Consequently, it is recommended that evaluation of stock quality requires the integration of both morphological and physiological attributes of seedlings that provides a more effective appraisal of the fitness of seedlings to become established for field planting. Since most studies did not combine nursery techniques with planting site conditions and limited research has been done on the seedling quality of indigenous species in Malaysia, development of species and site-specific targets for seedling shoot and root system quality assessment is required and subsequently tested as to ensure they meet the set standards.
